The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor involved in controlling several aspects of immune responses, including the activation and differentiation of specific T cell subsets and antigen-presenting cells, thought to be relevant in the context of experimental Trypanosoma cruzi infection. The relevance of AhR for the outcome of T. cruzi infection is not known and was investigated here. We infected wild-type (WT) mice and AhR knockout (AhR KO) mice with T. cruzi (Y strain) and determined levels of parasitemia, myocardial inflammation and fibrosis, expression of AhR/cytokines/suppressor of cytokine signaling (SOCS) (spleen/heart), and production of nitric oxide (NO), reactive oxygen species (ROS), and peroxynitrite (ONOO ؊ ) (spleen). AhR expression was increased in the heart of infected WT mice. Infected AhR KO mice displayed significantly reduced parasitemia, inflammation, and fibrosis of the myocardium. This was associated with an anticipated increased immune response characterized by increased levels of inflammatory cytokines and reduced expression of SOCS2 and SOCS3 in the heart. In vitro, AhR deficiency caused impairment in parasite replication and decreased levels of ROS production. In conclusion, AhR influences the development of murine Chagas disease by modulating ROS production and regulating the expression of key physiological regulators of inflammation, SOCS1 to -3, associated with the production of cytokines during experimental T. cruzi infection.
T
he aryl hydrocarbon receptor (AhR) was originally described as a ligand-dependent transcription factor for exogenous ligands such as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) capable of activating the aryl hydrocarbon hydroxylase (1, 2) . In humans and mice, AhR recognizes several endogenous ligands, such as 6-formylindolo [3,2-b] carbazole (FICZ), kynurenines, indoles (3, 4) , and lipoxins (LX) (5) . The activation of the AhR signaling pathway controls the genomic expression of diverse target genes, leading to different physiological outcomes (6) . More recently, it has been recognized that AhR is involved in the regulation of several immune processes. The major immune mechanisms controlled by AhR are related to the activation and differentiation of specific T cell subsets (T regulatory [Treg] and Th17) and antigenpresenting cells (3) . In the context of immunity to infections, it was demonstrated that AhR is an essential protein for murine resistance to Listeria monocytogenes (7) and toxoplasmosis (8) .
More recently, we found that it was an important factor in controlling parasitemia and inflammation during experimental cerebral malaria (9) . Additionally, it is associated with antiviral immunity (10) and is a negative regulator of inflammatory cytokines in response to Leishmania major experimental infection (11) . Taken together, the results of these studies strongly suggest that AhR function during immune responses to infections is complex and likely pathogen specific.
Trypanosoma cruzi is a flagellated protozoan parasite that causes Chagas disease, an important neglected zoonosis affecting 6 to 7 million persons, with many millions at risk (12) . Chagasic cardiomyopathy may develop in 20% to 40% of the infected persons (13) . Interleukin-12 (IL-12)-dependent production of interferon gamma (IFN-␥) is critical in controlling intracellular pathogen replication (14) (15) (16) (17) . Natural killer (NK) cells, when activated by IL-12, produce IFN-␥, resulting in an expansion of the populations of CD4 ϩ and CD8 ϩ T cells, which in turn produce further IFN-␥. IFN-␥ activates T. cruzi-infected macrophages to produce nitric oxide (NO), which controls the intracellular replication of pathogens (18) . The increased activity of reactive oxygen species (ROS) is a double-edged sword in the setting of T. cruzi infection. Although important in the inhibition of parasite replication, ROS may result in host cell damage. Interestingly, some reports suggest that ROS-derived metabolites may promote pathogen replication (19) . Importantly, both NO and ROS are capable of promoting peroxynitrite-mediated T. cruzi clearance in macrophages (20, 21) .
Suppressor of cytokine signaling (SOCS) genes compose a gene family controlled by AhR transcriptional activity (22) . The SOCS protein family is composed of eight proteins, commonly known as cytokine-inducible SH2-containing protein (CIS) and SOCS1 to -7. SOCS1 to -3 are the most intensively studied members and are associated with the suppression of cytokine signal transduction by inhibition of Janus kinase (JAK) activities. SOCS1 plays an important role as a negative regulator in IFN-␥ signaling, while SOCS3 has a dual function, since it is able to inhibit simultaneously the signaling cascades triggered by proinflammatory and anti-inflammatory cytokines such as IL-6 and IL-10 (23). It is well known that the SOCS family members show cross-regulation, and SOCS2 might influence the activity of other family members such as SOCS1 and SOCS3 (23) . Previously, we demonstrated that Toxoplasma gondii antigens stimulated AhR activation in dendritic cells and were associated with downstream expression of SOCS2 in vitro (5) . Interestingly, we showed that SOCS2 was an important immune regulator in the pathogenesis of T. cruzi-induced cardiomyopathy in a murine model of Chagas disease (24) . Indeed, in the absence of SOCS2, inflammatory and immune responses were reduced, resulting in infection-associated cardiac dysfunction (24) .
It is known that AhR is important in controlling aspects of both innate and adaptive immune responses in several models of infection. In addition, SOCS2 (a gene target of AhR) is a relevant factor required for inflammatory/immune responses to T. cruzi infection. Therefore, we were interested in examining the role of AhR in the immune modulation and development of myocarditis during experimental T. cruzi infection by using an AhR knockout (AhR KO) mice model. Our findings indicate that AhR confers susceptibility to T. cruzi infection by mediating the negative regulation of ROS in vivo and the downregulation of proinflammatory cytokines necessary for adequate control of the parasite growth/dissemination.
MATERIALS AND METHODS
Ethics statement. This research study was carried out in strict accordance with the Brazilian Guidelines on animal work and the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (NIH). The animal ethics committee (CEUA) of the Universidade Federal de Minas Gerais (UFMG) approved all experiments and procedures, including euthanasia and fluid and organ removal (Permit Number 89/ 2010). All animal experiments were planned in order to minimize mouse suffering.
Animals. Wild-type (WT) C57BL/6 mice were obtained from the Animal Care Facilities of UFMG, Minas Gerais, Brazil. AhR knockout (KO) mice were bred on a C57BL/6 genetic background under pathogen-free conditions at the Instituto de Ciências Biologicas (ICB), UFMG.
Infection of mice and cells. The Y strain of T. cruzi was used for in vivo and in vitro experiments. WT and AhR KO mice were infected intraperitoneally (i.p.) with 1 ϫ 10 3 trypomastigotes, and parasitemia levels were periodically measured in 5 l of blood from a tail vein (25) . For in vitro infection, trypomastigotes were grown in cultures of a monkey kidney epithelial cell line (LLC-MK2) and then used for infection at a 5:1 parasite/ host cell ratio.
Macrophage cultures, parasite uptake, microbicidal activity, and stimulation of T. cruzi antigens. Macrophages were harvested from peritoneal cavities as previously described (25) and plated (2 ϫ 10 5 or 1 ϫ 10 6 cell/well) onto culture plates (Nunc, Rochester, NY, USA). Infections were performed as described above. The number of intracellular amastigotes was determined in macrophages fixed and stained with Panotico Rápido (LB Laborclin, Pinhais, PR, Brazil) at 4 and 48 h postinfection to evaluate parasite uptake and intracellular growth, respectively. Parasite growth and survival were quantified by determining the number of released trypomastigotes in the supernatants from day 3 to day 7 day postinfection (dpi). In vitro stimulation of macrophages with T. cruzi antigens was performed by using 10 g/ml of a parasite lysate produced using a modification of a previously published protocol (26) for 6, 12, and 24 h and analyzed by immunoblotting. Treatment with FeTPPS and quantification of peroxynitrite (ONOO ؊ ) and ROS production in vitro. Macrophages were obtained and cultivated as described above. After 2 h of T. cruzi infection, the macrophage cultures were incubated with 10 or 50 M 5,10,15,20-tetrakis(4-sulphonatophenyl) porphyrinato iron(III) (FeTPPS; Calbiochem, San Diego, CA, USA), a peroxynitrite scavenger. Parasite replication (48 h postinfection) and released trypomastigotes (3 to 7 dpi) were determined as described above. To estimate ONOO Ϫ quantities, we incubated the cultures for 1 h at 37°C with 10 or 50 M FeTPPS followed by 25 M dihydrorhodamine 123 probe (DHR 123; Invitrogen, Carlsbad, CA) for 30 min at 37°C. Fluorescence was quantified by fluorometry (Synergy 2; BioTek, Winooski, VT, USA). Data were expressed as fold change using arbitrary units of fluorescence. For ROS detection, we performed a realtime chemiluminescence assay as previously described (27) . Macrophages were isolated and cultured (1 ϫ 10 6 cells/well) overnight, followed by addition of 0.05 mM luminol (5-amino-2,3-dihydro-1,4-phthalazinedione) and zymosan A (both from Sigma-Aldrich Co.) (10:1 particle/cell ratio) and parasites to cell cultures. Light emission was quantified immediately after stimulation every 2 min during a 3-h period in a luminometer (Packard, Waltham, MA, USA). Data were represented as relative light units (RLU) and area under the curve (AUC).
Histopathology. At the indicated time points, mice were euthanized, hearts were removed and immediately fixed in 4% buffered formalin, and tissue fragments were embedded in paraffin. Tissue sections were stained with hematoxylin and eosin (H&E) and examined under light microscopy. Heart inflammation was scored by counting the total numbers of inflammatory cells in 30 microscope fields (ϫ40) in serial tissue sections as previously described (28) . Quantification of fibrosis was performed in a blind manner on 10 sections of the right and left ventricle free walls. The percentage of myocardial fibrosis was obtained from a graticule of 25 hits, at a final magnification of ϫ400. Fibrosis coinciding with each hit was counted until a total of 250 hits were obtained for the heart of each mouse. The values were expressed as mean percentages of fibrosis at 10 and 15 dpi.
Tissue processing and immunoblot analysis. Spleen, hearts, and cultured macrophages were processed for protein extraction following standard procedures (29) . Protein concentrations were determined by the Bradford method, and protein suspensions were used for immunoblot analysis as previously described (29) . Quantification of the band intensity was performed using the ImageJ software freely available at http://rsb.info .nih.gov/ij/. Values were normalized by the use of ␤-actin or GAPDH (glyceraldehyde-3-phosphate dehydrogenase). Mouse anti-AhR (Abcam, Cambridge, United Kingdom), ␤-actin (Sigma, St. Louis, MO, USA), and GAPDH (Cell Signaling, Danvers, MA, USA) antibodies were used.
Quantification of NO in serum. NO was quantified at 10 and 15 dpi as nitrite (NO 2 Ϫ ) by the Griess method (30) . Nitrates (NO 3 Ϫ ) were reduced to nitrites by enzymatic conversion by nitrate reductase (31) (Roche, South San Francisco, CA, USA). The resulting NO 2 Ϫ concentration was determined by reference to a sodium nitrite standard curve.
Measurement of NO, ROS, and ONOO ؊ quantities ex vivo. Isolated splenic cells were obtained from mice at 10 dpi and cultured (1 ϫ 10 6 cells/well) and incubated for 30 min at 37°C with 10 M 4,5-diaminofluorescein diacetate solution probe (DAF-2DA; Sigma) to estimate levels of detected intracellular NO or with 50 M 2=,7=-dichlorodihydrofluorescein diacetate probe (H 2 DCFDA; Invitrogen) to estimate levels of detected ROS or for 1 h with 10 M FeTPPS followed by 30 min with 25 M DHR 123 probe to estimate levels of detected ONOO Ϫ , as described in reference 32. For all analyses, samples were quantified by fluorimetry. Data were expressed as fold change in arbitrary units of fluorescence.
Flow cytometry. Splenic cells from infected and control mice were evaluated ex vivo for the expression of extracellular molecules, intracellu-lar cytokines, and ROS at 10 dpi. Cell suspensions were prepared as previously described (9) . Each sample comprised individual mice splenic cell suspensions that were stained with specific combinations of antibodies:
, and isotype controls (all from BD Pharmingen, San Jose, CA, USA). Data were acquired on a FACScan system (BD, San Jose, CA, USA), and viable cells were analyzed by flow cytometry using FlowJo software (Tree Star, Ashland, OR, USA).
Total RNA extraction, cDNA production, and PCR. Splenic and cardiac tissues (30 mg) were removed 10 and 15 dpi, and total RNA was isolated. mRNA levels of IL-12 and IFN-␥ were analyzed by reverse transcription-PCR (RT-PCR) and normalized by ␤-actin. Real-time quantitative PCR (qPCR) was performed on an ABI Prism StepOne sequence detection system (Applied Biosystems, Carlsbad, CA, USA) using SYBR green PCR master mix (Applied Biosystems) for the genes encoding IL-6, tumor necrosis factor (TNF), IL-17A, Foxp3, IL-10, SOCS1, SOCS2, and SOCS3. GAPDH or 18S genes were used as an endogenous control for normalization. The relative expression levels of genes were determined by the 2 Ϫ⌬⌬CT threshold cycle method and represented as fold change. The sequences of primers used in this study are shown in Table 1 .
Parasite load quantification in heart. Heart tissue was removed 10 and 15 dpi and processed as described above. qPCR was performed with primers for T. cruzi 18S (the sequence is described above). Data were analyzed by taking a T. cruzi curve as a parameter for absolute quantification and were expressed as fold change.
Quantification of cytokines in supernatants of ex vivo cell cultures. Spleens were removed from T. cruzi-infected WT and AhR KO mice after 10 dpi and splenocytes plated (1 ϫ 10 6 cells/well) followed by 48 h of incubation. Supernatants of cells were collected and used to quantify IL12p40 and IFN-␥ by enzyme-linked immunosorbent assay (ELISA) as previously described (24) .
Statistical analysis. First, we performed a Shapiro-Wilk normality test for each data table to verify whether the data came from a Gaussian distribution. Next, when data were normally distributed, differences were compared by using Student's t test or analysis of variance (ANOVA) or two-way ANOVA followed by Bonferroni corrections as needed for multiple comparisons (Graph Prism software 4.0). Results are shown as means Ϯ standard errors of the mean (SEM). Results with a P value of Ͻ0.05 were considered significant.
RESULTS
AhR is upregulated in the heart but not in the spleen during T. cruzi infection. To investigate the involvement of AhR during T.
FIG 1 T. cruzi infection modulates AhR expression. WT mice were infected with 1 ϫ 10
3 trypomastigotes of the Y strain. Hearts (A) and spleens (B) were harvested, and AhR protein levels were measured by Western blotting at 0 (control; 2 mice), 10 (10 d.p.i.; 3 mice), and 15 (15 dpi; 3 mice) days postinfection. For analysis, data were normalized to GAPDH and ␤-actin expression. Each point represents the mean Ϯ standard error of the mean (SEM) of data from three independent experiments. **, P Ͻ 0.01; *, P Ͻ 0.05; N.S, not significant. Foxp3  CCCAGGAAAGACAGCAACCTT  TTCTCACAACCAGGCCACTTG  GAPDH  ACGGCCGCATCTTCTTGTGCA  CGGCCAAATCCGTTCACACCGA  IFN-␥  TGAACGCTACACACTGCATCTTGG  CGACTCCTTTTCCGCTTCCTGAG  IL-6  TTCCATCCAGTTGCCTTCTTG  TTGGGAGTGGTATCCTCTGTGA  IL-10  GCTCTTACTGACTGGCATGAG  CGCAGCTCTAGGAGCATGTG  IL-12p40  GCTGGACCCTTGCATCTGGCG  GGTGGCCAAAAAGAGGAGGTAGCG  IL-17A  TCCAGAAGGCCCTCAGACTA  TGAGCTTCCCAGATCACAGA  SOCS1  GCATCCCTCTTAACCCGGTAC  AATAAGGCGCCCCCACTTA  SOCS2  CGCGTCTGGCGAAAGC  TTCTGGAGCCTCTTTTAATTTCTCTT  SOCS3  TTTGCGCTTTGATTTGGTTTG  TGGTTATTTCTTTGGCCAGCA  TNF  ACGGCATGGATCTCAAAGAC  AGATAGCAAATCGGCTGACG  T. cruzi 18S TTGTTTGGTTGATTCCGTCA CCCAGAACATTGAGGAGCAT cruzi infection, we determined AhR protein expression levels in relevant organs of infected WT mice by Western blotting. We found that AhR was upregulated in the heart (Fig. 1A ) of infected WT mice at 15 days postinfection (dpi). In contrast, AhR protein levels in the spleen were not affected by T. cruzi infection (Fig. 1B) .
Deficiency of AhR results in a reduction of parasitemia.
To understand AhR function, we first studied the control of parasite replication during the acute phase of infection. We infected WT and AhR KO mice and determined parasitemia until 15 dpi. We found that AhR KO mice displayed a significant reduction in parasitemia at 9 dpi compared with the WT counterparts ( Fig. 2A) . This result demonstrates that AhR plays a role in parasite replication during T. cruzi infection.
Increased levels of ROS, but not of NO and ONOO ؊ , are produced in the spleen of T. cruzi-infected AhR KO mice. As ROS, ONOO Ϫ , and NO are important cytotoxic mediators during T. cruzi infection and AhR has been found to be involved in the control of ROS metabolism activity against intracellular pathogens (33), we analyzed the levels of these molecules in T. cruziinfected WT and AhR KO mice. First, we measured systemic nitrite levels in the serum of infected WT and AhR KO mice and found that nitrite concentrations were significantly increased 15 dpi in AhR KO mice compared with WT mice (Fig. 2B) . Notably, this amount of nitrite in AhR KO mice was at a time point after parasitemia was controlled ( Fig. 2A) . Next, we analyzed the ex vivo production of these molecules by splenocytes of infected mice. We found that AhR deficiency resulted in increased production of ROS but not of NO and ONOO Ϫ compared with WT mice at 10 dpi (Fig. 2C) . In fact, addition of FeTPPS, a drug that functions as an ONOO Ϫ scavenger, did not change the levels of ONOO Ϫ detected by the DHR 123 probe, suggesting that expression of ONOO Ϫ was not induced in splenocytes during the infection (Fig. 2C) .
Deficiency of AhR results in a reduction of in vitro ROS production and decreases the T. cruzi burden in macrophages.
Macrophages are important cells targeted by T. cruzi in our experimental model. These cells are equipped with cytotoxic mechanisms responsible for parasite death (34, 35) . Therefore, we wanted to explore if the absence of AhR in these cells contributed to the reduced parasitemia observed in vivo in the T. cruzi-infected AhR KO mice. We purified WT macrophages and stimulated them in vitro with a suspension of T. cruzi antigens (TcAg) in order to determine if these cells respond to T. cruzi by upregulating AhR. Our results clearly demonstrated that AhR expression increased significantly after 6 and 12 h of in vitro stimulation with 10 g/ml of TcAg, followed by a decrease of expression after 24 h (Fig. 3A) . When cultured macrophages obtained from AhR KO mice were infected, increased microbicidal activity was observed. The numbers of released trypomastigotes and intracellular amastigotes were significantly reduced in these cells compared with WT cells (Fig. 3B) . This was not associated with a defect in parasite entry, since uptake assays (4 h) displayed no difference between WT and AhR KO cells in the numbers of amastigotes (Fig. 3B) . Next, we investigated the ability of AhR-deficient macrophages to produce NO and ROS since the members of this group of molecules are major cytotoxic mediators involved in clearance of intracellular pathogens by macrophages (33, 34, 36) . We did not observe any differences in the amounts of NO released by T. cruziinfected macrophages from the two groups of mice (data not shown). Furthermore, we quantified the real-time production of ROS molecules and found that noninfected AhR-deficient macrophages produced basal levels of ROS similar to those seen with WT cells (Fig. 3C) . However, the deficiency of AhR resulted in a significant decrease in the production of ROS by macrophages stimulated with zymosan or infected by T. cruzi (Fig. 3C) , indicating that in vitro ROS production by macrophages is partially dependent on the presence of AhR. In order to fully demonstrate that ONOO Ϫ is not the main molecule involved in the clearance of parasites in the AhR KO mice, we infected macrophages following in vitro incubation with FeTPPS. The amounts of released trypomastigotes and the intracellular amastigotes remained lower in AhR KO cells than in WT cells (Fig. 3D) . However, consumption of ONOO Ϫ in WT-infected cells resulted in increased release of trypomastigotes (until 7 dpi) and intracellular amastigote replication (at 48 h) (Fig. 3D) . Collectively, these results strongly suggest that AhR mediates, in part, the in vitro production of ROS by T. cruzi-infected macrophages.
Deficiency of AhR is associated with a robust proinflammatory response in the spleen of T. cruzi-infected mice. IL-12 and IFN-␥ are important cytokines released during innate and acquired immune responses to control T. cruzi infection (13) . Several reports have suggested that AhR is part of a regulatory pathway that inhibits the proinflammatory response in several models of infection (8, 9, 11) . In order to ascertain whether this was the case in T. cruzi infection, we used flow cytometry to evaluate the production of these cytokines by different immune cell populations in the spleen at 10 dpi. We found a significant increase in the numbers of dendritic cells (CD11c ϩ CD8 ϩ IL-12 ϩ ) and macrophages (CD11b ϩ F4/80 ϩ IL-12 ϩ ) (Fig. 4A ) and of T cells (CD3 (Fig. 4B ) in the spleen of T. cruzi-infected AhR KO mice compared to their WT counterparts. The increased amounts of IL-12p40 and IFN-␥ were also evident when we used ELISA to analyze the ex vivo production of these cytokines by total splenocytes (Fig. 4A and B, respectively) .
Consistent with the increased amount of ROS observed by chemiluminescence in AhR KO splenocytes (Fig. 2C) , we also observed that the number of splenic macrophages producing ROS (CD11b ϩ F4/80 ϩ ROS ϩ ) in AhR KO mice was significantly higher than in infected WT mice (Fig. 4C) . No other cell population (i.e., granulocytes or lymphocytes) showed prominent ROS production upon T. cruzi infection (data not shown), suggesting that macrophages are the predominant cell type producing ROS in the spleen as a result of T. cruzi infection. Importantly, we also found that at this time point of infection, the number of CD11b ϩ F4/80 ϩ iNOS ϩ macrophages was also augmented in the spleen of AhR KO mice, indicating that NO may be actively produced (Fig. 4C) (Fig. 4D) . In a complementary study, we also evaluated mRNA levels of other cytokines and molecules important for immune regulation such as IL-6, TNF, IL-17, and IL-10, the transcription factor Foxp3, and SOCS1, SOCS2, and SOCS3 at 10 and 15 dpi. We found that levels of proinflammatory cytokines (IL-6, TNF, and IL-17) were increased as a result of infection in both WT and AhR KO mice. No differences in IL-6 and TNF mRNA levels (Fig. 5A) were observed in comparisons of infected AhR KO and WT mice. In contrast, levels of IL-17 ( Fig. 5A) were significantly higher in AhR KO mice than in WT mice at 10 dpi. The mRNA levels of Foxp3, the marker transcription factor of Treg cells, were significantly upregulated at 15 dpi (Fig. 5A) , while the levels of the regulatory IL-10 cytokine (Fig. 5B) were reduced in AhR KO mice at the same time point compared with the WT counterparts. Our analyses also revealed that mRNA expression of SOCS1, SOCS2, and SOCS3 was increased in infected AhR KO mice compared with WT mice (Fig. 5B) .
T. cruzi-induced heart inflammation is reduced in the absence of AhR. The heart is an important target organ of T. cruzi infection. The histology of hearts obtained from WT and AhR KO mice was normal (Fig. 6A, D , G, and J). We observed that T. cruzi infection induced a poor inflammatory response (Fig. 6B , E, and M) and less fibrosis (Fig. 6H , K, and N) in WT and AhR KO mice at 10 dpi. The quantity of inflammatory cells increased by 15 dpi and was significantly lower in the hearts of AhR KO mice (Fig. 6C , F, and M). As a consequence, fibrosis was reduced in hearts of T. cruzi-infected AhR KO mice compared with the WT counterparts (Fig. 6I, L, and N) . The absolute quantification of parasite burden in the heart showed a significant increase at 10 dpi in AhR KO mice compared with the WT mice; however, this increase was not statistically significant at 15 dpi (Fig. 6O) . To further characterize the inflammatory profile observed in the heart, we determined the mRNA levels of proinflammatory cytokines IL-12, IFN-␥, IL-6, TNF, IL-17; the anti-inflammatory cytokine IL-10; and the cytokine signal regulators SOCS1, SOCS2, and SOCS3. We found that both groups displayed a significant increase in the mRNA levels of proinflammatory cytokines (IL-12, IL-6, TNF, IFN-␥, and IL-17) (Fig. 7A) , reflecting intense infection-induced inflammation. The mRNA levels of the majority of these molecules were significantly augmented in the absence of AhR, with the remarkable exception of IFN-␥ (Fig. 7A) , the level of which was, in contrast, significantly reduced compared to that seen with WT mice. The levels of the Treg cell molecular marker Foxp3 and the regulatory cytokine IL-10 ( Fig. 7B) were initially augmented upon infection and were then reduced by 15 dpi; this was observed in both groups of mice (Fig. 7B) . We also examined the expression of SOCS1, SOCS2, and SOCS3 genes in the hearts of infected WT and AhR KO mice. Expression of these molecules was significantly increased at 10 dpi in WT mice (Fig. 7B) . However, and in contrast to what we found in the spleen, we observed a significant reduction in mRNA levels of SOCS2 and SOCS3, but not of SOCS1, in the absence of AhR (Fig. 7B) .
DISCUSSION
AhR is an important factor in the immune system, especially as it relates to autoimmunity and infection (3, 37) . Here, we found a previously unrecognized role of AhR in the regulation of the immune response during T. cruzi infection. The following major finds were obtained in the present study: (i) AhR is upregulated in 
The results represent control uninfected (CO) mice and mice infected with T. cruzi (Tc) (A to C) or were normalized to the results determined for AhR KO and WT noninfected animals and represent fold change in panel D. Analyses were performed as comparisons between T. cruzi-infected WT mice and infected AhR KO mice. Data are presented as means Ϯ SEM and represent results of three independent experiments performed with four animals each. ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05. the heart of T. cruzi-infected WT mice, as well as in macrophages infected in vitro; (ii) absence of AhR results in a reduction of parasitemia and pathology (i.e., inflammation and fibrosis) in the heart, although it also decreases expression of SOCS2, an important protein preventing myocardial dysfunction during T. cruzi infection, in the heart; (iii) AhR deficiency results in an increased oxidative burst in splenic macrophages and in a potent proinflammatory cytokine response; and (iv) the absence of AhR in macrophages, in contrast, leads to impaired replication of T. cruzi in vitro, despite a decrease in ROS production and no change in NO production.
AhR is expressed in immune cells in many organs (4) . Our studies demonstrated that T. cruzi infection causes an increase in AhR expression in the heart, but not in the spleen, at 15 dpi. AhR is expressed and activated in cardiac cells during mouse heart embryogenesis and in adulthood (38) . Increased expression of AhR in response to T. cruzi infection in this tissue could be explained by the presence of inflammatory infiltrate and/or by specific AhR expression in infected cardiac myocytes.
In macrophages stimulated in vitro with T. cruzi antigens, the upregulation of AhR indicates that T. cruzi-derived-pathogen-associated molecular patterns (PAMPs) are responsible for the activation of specific signaling pathways that induce AhR transcription and translation in this cells. Recent studies demonstrated that ROS initiates signaling cascades through the transcription nuclear factor kappa B (NF-B), leading to AhR transcription and activation (39, 40) . Other reports have indicated that T. cruzi activates the NF-B signaling pathway (41) . Taken together, these observations allow us hypothesize that the activation of NF-B during T. cruzi infection results in AhR transcription and activation.
The significant reduction in parasitemia in the AhR KO mice reveals a crucial role for this receptor in T. cruzi infection. Similarly, macrophages from AhR KO mice controlled parasite replication more effectively than WT cells. Parasitemia control is achieved via several immune mechanisms (18) (19) (20) (21) . However, our results strongly suggest that the resistant phenotype observed in AhR KO mice could be explained by factors such as production of larger amounts of systemic NO, an important molecule involved in parasite clearance (42) . Our results demonstrated a significant increase in the number of inflammatory macrophages (CD11b ϩ F4/80 ϩ iNOS ϩ ) at 10 dpi in the spleen of infected AhR KO compared to WT mice, suggesting that this population could be responsible for the systemic accumulation of NO observed at 15 dpi, thus contributing to the reduced parasitemia. Our ex vivo results also demonstrated that at 10 dpi, splenocytes obtained from AhR KO mice produced increased levels of ROS compared to those from the WT mice. However, this was not accompanied by an increase in ONOO Ϫ production, likely due to the fact that at 10 dpi, we did not detect an increase in NO production under the same conditions. ONOO Ϫ production is dependent on the presence of NO and O 2
·Ϫ at approximately equimolar concentrations in the same compartment (43) . Therefore, an increase in superoxide alone could not drive an increase in ONOO Ϫ production. Supporting these data indicating more ROS production in spleen cell cultures, we found that the number of macrophages producing ROS (CD11b ϩ F4/80 ϩ ROS ϩ ) was also increased in spleens from infected AhR KO mice. This indicates that AhR is an important negative regulator of oxidative bursts during in vivo T. cruzi infection.
It is well established that ROS act as rapid mediators of innate immune cells to eliminate intracellular pathogens and that this is coupled to antioxidant mechanisms to prevent cell damage (35) . Several reports have linked AhR to the response mediated by nuclear factor erythroid 2-related factor (Nrf2) in various cell types where the two transcription factors act synergistically in the xenobiotic and antioxidant response (4) . The increased production of ROS in vivo, as seen in AhR KO mice, could be explained by the inability of macrophages to activate an antioxidant response in the absence of AhR while responding to T. cruzi infection. Thus, high cytotoxicity mediated by NO and ROS in macrophages could Interestingly, our studies revealed a different involvement of AhR in ROS production during in vitro T. cruzi infection. The absence of AhR resulted in the reduction of ROS production in infected macrophages even though parasite replication levels were lower in AhR KO macrophages. We consistently found decreased ROS production by AhR KO macrophages in the presence of zymosan, a stimulus that typically induces ROS in the setting of phagocytosis (44) . Previously, it was reported that AhR contributes substantially to ROS production when cells are persistently activated by TCDD and that this is mediated by persistent CYP1 expression (19, 45, 46) . The contradiction between ROS production by spleen cells from infected mice ex vivo and by macrophages stimulated in vitro could be explained by the wide range of ligands that can differentially activate AhR and the vast quantity of genes that are under AhR control (6) . Therefore, in vivo responses, where cells are in complex environments, are contrasted to the in vitro response, such as in our in vitro system, where infected macrophages lack other stimuli such as the interactions with other cells, cytokines, and immune complexes.
Recently, it was demonstrated that ROS, besides its potent prooxidant effect on intracellular pathogens, can also be beneficial for T. cruzi replication in vitro (35, 47) . It has been shown that T. cruzi can sequester iron from ferritin upon oxidative burst (19) , providing an explanation for the defect in parasite replication observed in AhR KO macrophages. In addition, scavenging of ONOO Ϫ did not alter the parasite growth observed in AhR KO macrophages, suggesting that the reduced parasite growth in AhR-deficient macrophages is not associated with ONOO Ϫ . Our in vitro experiments demonstrated that deficiency of AhR did not change NO levels but resulted in a decrease in ROS production upon T. cruzi infection. Since killing of T. cruzi by macrophages has been associated with ONOO Ϫ (21), we suggest that impaired parasite growth in AhR KO macrophages is due to the lack of the oxidative signal that was shown to be necessary for parasite growth inside these cells (19, 47) .
The absence of AhR results in increased production of IL-12 by dendritic cells (DC) and macrophages and in an increase in numbers of these cells. Previously, we demonstrated a function for AhR in lipoxin-mediated repression of this cytokine in DC in an infection model of T. gondii (5) . Here, higher production of IL-12 likely triggered the increased production of IFN-␥ by splenocytes and higher numbers of CD3 ϩ CD4 ϩ IFN-␥ ϩ and CD3 ϩ CD8
ϩ IFN-␥ ϩ T cells at 10 dpi, resulting in a significantly increased inflammatory and immune response compared to that seen with WT mice. Surprisingly, we did not find significant differences in the size of the CD3 ϩ CD4 ϩ IL-17 ϩ population in the absence of AhR. These data suggest that, in our model, AhR was not required for the differentiation of CD3 ϩ CD4 ϩ IL-17 ϩ T cells. In contrast, we found a significant increase of the IL-17 level in the mRNA in AhR KO mice at 10 dpi. In this regard, it was recently reported that B cells are important sources of IL-17 during T. cruzi infection and that this is an AhR-independent process (48) , suggesting that the increased mRNA detected in the spleen could have been derived from B cells. One interesting aspect of the immune response found in AhR KO mice concerns the Treg cell populations (CD3 ϩ
CD4
ϩ CD25 hi Foxp3 ϩ ), which were found to be equal at 10 dpi and were probably increased at 15 dpi, as inferred for the increased Foxp3 mRNA levels. Importantly, we found that expression levels of IL-10, which is a regulatory hallmark cytokine of some subpopulations of Treg cells but is also expressed by macrophages, Th2, and natural killer cells, were reduced at 15 dpi in AhR KO mice, consistently with the previously reported function of AhR as a positive regulator of the IL-10 promoter (49) . These data suggest that one of the mechanisms that result in suppression of inflammation by activated AhR during T. cruzi infection is mediated by IL-10 transcriptional regulation. In contrast to the results of our previous study performed using T. gondii tachyzoite lysate (STAg) stimulation in spleen (5), the absence of AhR did not impair the expression of the SOCS2 gene in the spleen of T. cruzi-infected mice, strongly suggesting that SOCS2, SOCS1, and SOCS3 do not depend on AhR for positive transcriptional regulation in splenocytes during this infection. A more detailed analysis using purified spleen cell populations would clarify the role of AhR in this process. Since the heart is a major target organ of T. cruzi, we examined the role of AhR in the inflammatory process of infected mice. We found that absence of AhR did not induce an intense inflammatory response in the myocardium such as was observed in the spleen. Moreover, we found that AhR KO mice displayed a reduction in myocardial inflammation and fibrosis at 15 dpi compared to WT mice. The expression of several proinflammatory cytokines (IL-12, IL-6, and TNF) was significantly increased in the heart of infected AhR KO mice. These observations suggest that, despite the reduced number of inflammatory cells in AhR KO mice, the lack of AhR in those cells induced the production of higher levels of cytokines in response to infection than was the case in WT cells. On the other hand, the reduced levels for IFN-␥ observed in hearts from AhR KO mice at 10 and 15 dpi correlate with reduced migration of T cells to the myocardium or a decreased capacity of these cells to produce IFN-␥ in the absence of the AhR receptor. Of note, expression of SOCS2 in the heart of infected AhR KO mice was significantly reduced, indicating that AhR is an important transcriptional regulator of SOCS2 in this organ. We previously found that SOCS2 is essential for cardiac myocyte function during T. cruzi infection (5). Moreover, SOCS2 expression is also increased in purified cardiac myocytes from infected mice (data not shown). Therefore, we suggest that AhR controls SOCS2 expression specifically in cardiac myocytes. On the other hand, the decreased expression of IFN-␥ could also explain the reduced expression of SOCS3 found in the myocardium of infected AhR KO mice (50) .
In summary, this study demonstrated the function of AhR in experimental T. cruzi infection. In our model, the absence of AhR results in increased resistance to infection and in a reduction in heart inflammation in vivo. In parallel, AhR KO also leads to a decreased SOCS2 expression in the heart and we have previously demonstrated that SOCS2 is important for protection of the myocardium and proper cardiac function during T. cruzi infection (5, 24) . AhR functions as a regulatory molecule controlling the intensity and duration of the inflammatory immune response in the heart of T. cruzi-infected mice.
An interesting finding was that AhR is required for limiting the oxidative burst in splenic macrophages in infected mice. However, in vitro, AhR appears to be required for the initial ROS response during early infection. These opposite responses could indicate that AhR coordinates the oxidative stress response to T. cruzi infection in a time-and context-dependent manner. Importantly, as ROS appears to function as a growth factor for parasite replication in macrophages, the regulation of ROS by AhR appears to be an important mechanism by which AhR could influences the course of T. cruzi infection. Our results provide the first data regarding a role of AhR in the modulation of ROS production during experimental T. cruzi infection and also suggest that AhR, originally associated with dioxin response, may contribute to the development of tissue damage in Chagas disease.
